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METHOD FOR CREATING A
NANO-PERFORATED CRYSTALLINE LAYER

FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

This mvention 1s assigned to the United States Govern-
ment. Licensing inquiries may be directed to Oiflice of
Research and Technical Applications, Space and Naval
Warfare Systems Center, Pacific, Code 72120, San Diego,
Calif.,, 92152; telephone (619) 553-5118; email:

ssc_pac_t2(@navy.mil. Reference Navy Case No. 102084,

BACKGROUND

1. Field

This invention relates to the field of methods for etching
a substrate, and more specifically to creating nanoscale
perforations 1n a carbon substrate for reverse osmosis desali-
nization.

2. Background

Desalinization 1s the process of removing salt from water,
generally to produce fresh water suitable for human con-
sumption or irrigation. Sea-going vessels require large quan-
tities of fresh water for crew hydration as well as cleaning,
systemic and industrial uses. While some fresh water can be
stored, water tanks are bulky, unstable and take up space that
could be used for other applications. Desalinization of
available seawater would provide an abundant source of
fresh water, limited only by the amount of energy required
for the desalimization process.

One method of desalimization known 1n the art 1s the use
ol reverse osmosis filters. Reverse osmosis filters known 1n
the art are porous hydrophilic polymer membranes. The
membranes are characterized by nanoscale channels with a
diameter calculated to allow the flow of water molecules
while preventing the passage of dissolved salt 10ns, sepa-
rating fresh water from saltwater.

Reverse osmosis filters, known 1n the art, can be up to 1
mm thick. This thickness requires high energy levels (above
1.8 kWh/m?) to force water molecules through for desali-
nization. This makes these polymer filters unsuitable for
large-scale applications or in cases where a power supply
may be limited, such as aboard a sea-going vessel.

Attempts have been made in the prior art to create thinner
reverse osmosis lilters. These attempts include utilizing a
graphene layer with nanoscale perforations. Graphene 1s a
term used to describe a layer of carbon that has the thickness
ol approximately one atom. Because a graphene layer 1s so
thin, i1t requires considerably less energy for water flow than
a polymer-constructed membrane.

However, 1s a recognized problem 1n the art that etching
and masking techniques for constructing a filter structurally
compromise the graphene layer and are difficult to control.
Techniques which have been attempted in the prior art
include electron/helium 1on beam exposure, block copoly-
mer masking, photolithography and chemical etching. Each
of these methods has drawbacks.

Electron/helium 1on beam exposure 1s slow and diflicult to
control. Block copolymer masking and photolithography
utilize complex, ngidly predefined masking patterns which
do not account for individual grain boundaries within the
carbon layer and may result 1n structural instability. Block
copolymer masking and photolithography also require that
the mask be removed after creation of the perforation,
requiring additional processing time and potentially damag-
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ing the filter. Chemical etching preferentially attacks carbon
grain boundaries and defects, rendering the filter structurally
unstable.

It 1s desirable to fabricate a carbon filter rapidly and
controllably with perforations of a suitable scale, without
inducing mechanical instability 1n the completed filter.

SUMMARY OF THE INVENTION

The present invention 1s a method and an apparatus
formed by the method for controlling the perforation of
crystalline grains 1n a layer of material. The first step of the
method creates at least one crystalline layer composed of
multiple grains and at least one grain boundary. A coating
material then covers the grain boundaries to create a pro-
tective, reinforcing coating on the crystalline layer. An
etching process subsequently creates perforations 1n the
grains. The grain boundaries are protected from etching by
the coating and the resulting apparatus maintains the struc-
tural integrity of the layer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a flowchart illustrating an exemplary
method for creating a plurality of perforations in at least one
crystalline layer.

FIGS. 2a through 2c¢ 1llustrate top views of an exemplary
embodiment of a graphene layer apparatus.

FIG. 3 illustrates an exploded view of an exemplary
embodiment of an apparatus formed from a plurality of
graphite layers.

DETAILED DESCRIPTION OF INVENTION

FIG. 1 1s a flowchart illustrating an exemplary method
100 for creating a plurality of perforations in at least one
crystalline layer.

Step 12 1s the step of creating at least one crystalline layer
ol a material having a plurality of grains. Step 14 1s the step
of coating at least one grain boundary of the at least one
crystalline layer with masking material. Step 16 1s the step
of etching a plurality of perforations into the at least one
crystalline layer. Step 18 1s an optional step of removing the
at least one crystalline layer from a substrate.

Step 12 1s the step of creating at least one layer of a
crystalline material having a plurality of grains and at least
one grain boundary. In various exemplary embodiments, the
crystalline layer may be a graphene layer deposited on a
copper substrate through chemical vapor deposition. In other
embodiments, the crystalline layer may be a plurality of
graphite layers cut down from a larger block of graphite.

Step 14 1s the step of coating one or more grain bound-
aries ol the crystalline layer with masking material. In
vartous embodiments the masking material preferentially
attaches or 1s attracted by grain boundaries and grain defects.
This results in a reinforcing mask over the grain boundary,
which retains the structural integrity of the grain boundary.
The amount of masking material deposited during Step 14
determines the portion of the grain that 1s available for
ctching in the next step. This provides control of the
diameters of the perforations. Furthermore, unless grain
defects are close to the grain boundary, the grain defects will
detach and become lost during etching, ensuring that the
plurality of perforations will have appropriate diameters.

In various embodiments, the masking material 1s depos-
ited using methods 1including, but not limited to, electrode-
position, chemical vapor deposition, atomic layer deposition
and sol-gel.
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In an embodiment utilizing electrodeposition, applying a
voltage bias between the crystalline layer and a counter
clectrode 1n solution electrochemically deposits a metal or
metal oxide masking material. In the 1mnitial stages of depo-
sition, growth Kinetics are governed by nucleation seeds
(“nucleates”) that occur on the surface of the crystalline
layer. At lower over potentials, these nucleates preferentially
occur at grain defects in the crystalline layer. Since the
majority of defects in the crystalline layer occur at grain
boundaries, nucleates will occur there 1n higher density than
on the plurality of grains. As the electrodeposition proceeds,
hemispherical diffusional transport dominates around each
nucleate, drawing more and more material toward the grain
boundary of the crystalline layer. As the hemispherical
deposits merge, hemicylindrical wires start to form, outlin-
ing the grain boundary of the crystalline layer. This elec-
trodeposited masking material then acts as a reinforcing
mask to pattern the underlying crystalline layer.

In alternative embodiments using chemical vapor depo-
sition or atomic layer deposition, two or more different
chemical precursors, exposed to the crystalline layer, deposit
a gas-phase masking material. In the mnitial stages of depo-
sition, chemisorption or rapid reaction of the precursor
molecules occurs preferentially at defects in the crystalline
layer. The pristine parts of the plurality of grains in the
crystalline layer are left clean since there are no surface
groups available to react with. As the deposition proceeds,
hemispherical and/or hemicylindrical growth profiles ema-
nate from the grain boundary, outlining the grain boundary
of the crystalline layer. This deposited masking material then
acts as a reinforcing mask to pattern the underlying crystal-
line layer.

In an embodiment using sol-gel, two or more diflerent
chemical precursors, exposed to the crystalline layer, deposit
a wet-phase masking material. In the 1mitial stages of depo-
sition, chemical reactions of the precursor molecules occur
preferentially at defects in the crystalline layer. The pristine
parts of the plurality of grains 1n the crystalline layer are left
clean since there are no surface groups available to react
with. As the deposition proceeds, hemispherical and/or
hemicylindrical growth profiles emanate from the grain
boundary, outlining the grain boundary of the crystalline
layer. This deposited masking material then acts as a rein-
forcing mask to pattern the underlying crystalline layer.

At Step 16, a plurality of nanoscale perforations in the
crystalline layer are created. An etching process performed
on the crystalline layer creates the plurality of nanoscale
perforations. The reinforcing mask over the grain boundary
provides protection, leading to etchuing the plurality of
nanoscale perforations only within the plurality of grains
and not on the grain boundaries. This maintains the struc-
tural stability of the crystalline layer during the etching
process and after completion.

In various alternative embodiments, the crystalline layer
may be etched using methods including, but not limited to,
reactive-ion etching, wet etching with an acid, wet etching
with a base, electrochemical etching with an acid and
clectrochemical etching with a base.

In one embodiment, reactive-1on etching 1s used to bom-
bard exposed atoms of the crystalline layer with hydrogen or
oxygen plasma. The energetic ions of the plasma break
exposed portions of the crystalline layer down into smaller
molecules with high vapor pressures. These smaller mol-
ecules can easily be removed from the environment sur-
rounding the crystalline layer. The reactive-ion etching 1s
directional, preventing etching underneath the previously
deposited reinforcing mask.
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In an alternative embodiment using wet-chemical etching,
strongly acidic or basic chemicals react with exposed atoms
of the crystalline layer 1n oxidation or reduction reactions,
respectively. This creates lower molecular weight waste
products which diffuse away 1n solution. This process can be
assisted in electrochemical etching by applying a voltage
potential to solution, driving the exposed atoms of the
crystalline layer to oxidize or reduce 1n solution.

In various embodiments, at Step 18 the crystalline layer
may be removed from a substrate. In this exemplary embodi-
ment, the crystalline layer 1s a single layer of graphene
deposited on a copper substrate. This copper substrate 1s not
ctched 1n Step 16. In order to utilize the single layer of
graphene as a freestanding filter, 1t must be removed from
the copper substrate to permit molecules to pass through the
plurality of nanoscale perforations.

FIG. 2a illustrates a top view of an exemplary embodi-
ment of a graphene layer apparatus 200 after Step 12,
showing a graphene layer 20 on a copper substrate 21 with
a plurality of grains 22 having at least one grain boundary 23
and grain defects 24. The plurality of grains 22 may be
tabricated with a size ranging from about 10 nm to about 10
mm.

FIG. 26 illustrates a top view of an exemplary embodi-
ment of a graphene layer apparatus 200 after Step 14,
showing the graphene layer 20 on copper substrate 21 with
the at least one grain boundary 23 (not shown) covered by
at least one reinforcing mask 25 made of a masking material.
The grain defects 24 (not shown) are also covered by a grain
defect mask 26 made of masking material. The masking
material may be, but 1s not limited to, metal, metal oxide, or
polymer materials.

FIG. 2¢ illustrates a top view of an exemplary embodi-
ment ol a graphene layer apparatus 200 after Steps 16 and
18, showing the graphene layer 20 with at least one grain
boundary 23 (not shown) covered by at least one reinforcing
mask 25 and a plurality of nanoscale perforations 27 dis-
tributed throughout the plurality of grains 22 (not shown).
The plurality of nanoscale perforations 27 range from about
1 nm to about 1 mm in diameter.

The exemplary embodiment of FIG. 2¢ may be used as a
freestanding reverse osmosis filter 1n desalinization systems.
It may also be utilized as a filter in other applications.

FIG. 3 illustrates an exploded view of an exemplary
embodiment of an apparatus 300 formed from a plurality of
graphite layers, showing a first graphite layer 30, with at
least one grain boundary 33 (not shown) covered by at least
one remnforcing mask 35 and a plurality of nanoscale per-
torations 37 distributed throughout the plurality of grains 32
(not shown), as well as a plurality of graphite layers 30, with
a plurality of nanoscale perforations 37 distributed through-
out the plurality of grains 32.

In the exemplary embodiment of FIG. 3, the size of the
plurality of grains 32 may range from about 10 nm to about
10 mm. The plurality of nanoscale perforations 37 of the
plurality of graphite layers 30, align with the plurality of
nanoscale perforations 37 of the first graphite layer 30,. The
plurality of nanoscale perforations 37 range from about 1 nm
to about 1 mm 1n diameter. Each of the plurality of graphite
layers 30 also has unetched portions 36 located beneath and
aligned with the at least one reinforcing mask 33 of the first
graphite layer 30,.

While the exemplary embodiment of FIG. 3 may be used
as a lilter, other embodiments may be used as carbon
capacitors 1n an electrode.

It will be understood that many additional changes 1n the
details, materials, steps and arrangement of parts, which
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have been herein described and illustrated to explain the
nature of the invention, may be made by those skilled in the
art within the principal and scope of the nvention as
expressed 1n the appended claims.

What 1s claimed 1s:

1. A method of controlling the perforation of crystalline
maternal during etching comprising the steps of:

creating at least one crystalline layer, wherein said at least

one crystalline layer comprises any one of a graphene
layer deposited on a copper substrate through chemical
vapor deposition and a plurality of graphite layers cut
down from a larger block of graphite;

wherein said at least one crystalline layer has a plurality

of grains, wherein each of said plurality of grains has
at least one grain boundary;

coating said at least one grain boundary with a masking

material to create a reinforcing mask on said at least
one grain boundary, wherein said reinforcing mask
reinforces said at least one crystalline layer;

etching a plurality of perforations into said plurality of

grains, and

wherein said plurality of grains range 1n size from about

10 nm to about 1x10’ nm.

2. The method of claim 1, wherein said step of creating at
least one crystalline layer further comprises creating at least
one carbon layer by chemical vapor deposition of a plurality
of carbon atoms onto a copper substrate, wherein said
plurality of grains range 1n size from about 10 nm to about
10 mm.

3. The method of claim 1, wherein said step of creating at
least one crystalline layer further comprises creating a
plurality of carbon layers by cutting down a block of
graphite, wherein said plurality of grains range in size from
about 10 nm to about 10 mm.

4. The method of claam 1, wherein said step of coating
said at least one grain boundaries utilizes a method selected
from the group consisting of electrodeposition, chemical
vapor deposition, atomic layer deposition and sol-gel.

5. The method of claim 1, wherein said step of etching a
plurality of perforations utilizes a method selected from the
group consisting of reactive-ion etching, wet etching with an
acid, wet etching with a base, electrochemical etching with
an acid and electrochemical etching with a base.
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6. The method of claim 1, wherein said step of reactive-
ion etching utilizes a method selected from the group
consisting of hydrogen plasma etching and oxygen plasma
ctching.
7. The method of claim 1, wherein said step of etching a
plurality of perforations further includes etching a plurality
of perforations ranging from about 1 nm to about 1x10° nm
in diameter.
8. A method of making a perforated carbon layer com-
prising the steps of:
creating at least one carbon layer, wherein said at least one
carbon layer has a plurality of grains, wherein each of
said plurality of grains has at least one grain boundary;

coating said at least one grain boundary with a masking
material to create a reinforcing mask; and

ctching a plurality of perforations into said plurality of

grains, wherein said plurality of perforations range
from about 1 nm to about 1x10° nm in diameter.

9. The method of claim 8, wherein said step of creating at
least one carbon layer further comprises creating said at least
one carbon layer by chemical vapor deposition of carbon
atoms onto a copper substrate, wherein said plurality of
grains range in size from about 10 nm to about 1x10’ nm.

10. The method of claim 8, wherein said step of creating
at least one carbon layer further comprises creating a plu-
rality of carbon layers by cutting down a block of graphite
wherein said plurality of grains range 1n size from about 10
nm to about 1x10” nm.

11. The method of claim 8, wherein said step of coating
said grain boundaries utilizes a method selected from the
group consisting of electrodeposition, chemical vapor depo-
sition, atomic layer deposition and sol-gel.

12. The method of claim 8, wherein said step of etching
a plurality of perforations utilizes a method selected from
the group consisting of reactive-ion etching, wet etching
with an acid, wet etching with a base, electrochemical
cetching with an acid and electrochemical etching with a
base.

13. The method of claim 12, wherein said step of reactive-
ion etching utilizes a method selected from the group
consisting of hydrogen plasma etching and oxygen plasma
ctching.
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